Four different types of adaptation to sulfide among cyanobacteria are described based on the differential toxicity to sulfide of photosystems I and II and the capacity for the induction of anoxygenic photosynthesis. Most cyanobacteria are highly sensitive to sulfide toxicity, and brief exposures to low concentrations cause complete and irreversible cessation of CO2 photoassimilation. Resistance of photosystem II to sulfide toxicity, allowing for oxygenic photosynthesis under sulfide, is found in cyanobacteria exposed to low H2S concentrations in various hot springs. When H2S levels exceed 200 ,uM another type of adaptation involving partil induction of anoxygenic photosynthesis, operating in concert with partially inhibited oxygenic photosynthesis, is found in cyanobacterial strains isolated from both hot springs and hypersaline cyanobacterial mats. The fourth type of adaptation to sulfide is found at H2S concentrations higher than 1 mM and involves a complete replacement of oxygenic photosynthesis by an effective sulfide-dependent, photosystem I-independent anoxygenic photosynthesis. The ecophysiology of the various sulfide-adapted cyanobacteria may point to their uniqueness within the division of cyanobacteria.
Cyanobacteria are oxygenic phototrophs and are thus profoundly different from the other procaryotic phototrophs, namely, the green and purple photosynthetic bacteria, which hitck photosystem II (PS II). Yet, cyanobacteria are often found in sulfide-rich environments in coexistence with anoxygenic photosynthetic bacteria (33, 41) . Sulfide is highly toxic to eucaryotic photosynthetic organisms (1) and to nonadapted cyanobacteria (26, 31) . It inhibits the electron transport chain by reacting with cytochromes and hemproteins and by binding to metal proteins. Mere exposure to low redox potential may drastically inhibit oxygen evolution in some cyanobacteria (5) . The occurrence of oxygenic cyanobacteria under sulfide thtis requires some adaptation to cope with toxicity.
the degree of adaptation required depends on the degree of exposure to sulfide. Dense planktonic blooms of cyanobacteria are indicatory for eutrophic water bodies, which often exhibit fluctuation between oxygen concentration during the day to brief sulfide buildup at night (19) . Planktonic cyanobacteria have also been recorded in hypclimnic water of stratified lakes (16, 28) , where exposure to sulfide is prolonged during the stratification period.
The occurrence of benthic cyanobacteria in close association with sulfide is very common in cyanobacterial mats (14) , which occur in hot springs (6, 8, 9) , hypersaline lagoons (3, 27) , and alkaline lakes (28) . Diurnal fluctuations in sulfide and oxygen have been shown for both hot springs (28) and hypersaline lagoons (24, 37, 42) , where cyanobacteria are periodically exposed to alternating high concentrations of both sulfide and oxygen.
Sulfide-dependent anoxygenic photosynthesis, driven by photosystem I (PS/I) alone, among cyanobacteria was first described for Oscillatoria limnetica from Solar Lake, Sinai (16, 18) . This organism was also shown to be capable of utilizing hydrogen as an alternative electron donor to H2S (4) , sulfide-dependent N2 fixation (S. Belkin, Y. Cohen, and CO2 photoassimilation and sulfide oxidation. Axenic cultures that were 4 to 7 days old were harvested by centrifugation, and the pellets were suspended in fresh medium, centrifuged again, and suspended in 25 mM HEPES (N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid) buffer at pH 6.8 made up in fresh medium. The following buffers (25 mM) were used for the measurement of the effect of pH on the activity of 0. limnetica under sulfide: MES for pH 6.0 to 6.7, HEPES for pH 6.8 to 7.5, Tricine for pH 7.5 to 8.5, and bis-Tris-propane for pH 8.8 to 9.5 (all from Sigma Chemical Co.).
Suspensions (10 ml) were introduced to 20-ml capped serum bottles which were purged with N2 for 2 min to remove 2. NaHCO3 was added to a final concentration of 200 p.M, followed by the addition of neutralized Na2S to final concentrations as described in Results. To examine PS II-independent anoxygenic photosynthesis, 5 p.M DCMU [3-(3,4-dichloro)-1,1-dimethyl-urea] (Du Pont) was added. This DCMU concentration was found to fully inhibit PS II in a variety of cyanobacterial strains and did not inhibit PS II-independent anoxygenic CO2 photoassimilation (18, 20) . NaH14CO3 (10 ,uCi; Amersham) with a specific activity of 60 mCi mmol-1 was then added. The experiments were incubated in an illuminated water bath under shaking at the optimal growth temperature for each strain and at light intensities indicated for each experiment. Samples (0.5 ml) were withdrawn every 20 min with a syringe and filtered through GF/F filters (Whatman). The filters were acidified in HCl vapor in a desiccator overnight and then counted with Insta-Gel (Packard) in a scintillation counter. Additional 0.5-ml samples were taken every 20 min for sulfide determination by the method of Cline (10) .
CO2 photoassimilation kinetics experiments were carried out with 25 mM HEPES buffer at pH 7.4 . The contribution of PS IT-independent anoxygenic photosynthesis was determined in experimental systems containing a 5 pFM concentration of the PS TI inhibitor, DCMU. This DCMU concentration was found to completely inhibit oxygenic photosynthesis in 0. limnetica (16, 18) and other cyanobacteria (20) without causing the additional nonspecific inhibition observed at higher DCMU concentrations. Dark CO2 photoassimilation rates (usually not more than 5% of the activity in the light, except at the highest sulfide concentration, where it was up to 40% of the light values) were always subtracted from the light-dependent activities. The percentage of DCMU-insensitive CO2 photoassimilation was calculated by comparison with the activity in the absence of DCMU under the same experimental conditions. All experiments were carried out for 4 h. Maximal rates of CO2 photoassimilation were calculated after 2 h of incubation to allow for the induction of anoxygenic photosynthesis (16, 29) .
Each experiment described was carried out in duplicate and repeated twice. The experimental error in all experiments was always lower than +5% and usually +0.5 to 2%. The results presented are average values derived from the duplicates of the repeated experiments. Levels of chlorophyll a were determined by the method of Strickland and Parsons (43 agar block made up in the growth medium. The agar block was fixed on a small glass rod in a 20-ml incubation chamber filled with the growth medium, and experiments were conducted at the optimal growth temperature for each of the cyanobacterial strains tested. A combined oxygen microelectrode with a sensing tip of 5 ,um was constructed by the method of Revsbech and Ward (38) . The sulfide and pH microelectrodes with sensing tips of 100 and 50 ,um, respectively, were constructed by the method of Revsbech et al. (37) and Thomas (44) . The oxygen-dependent electrode current was measured by a picoammeter (Keithley 480), and the pS2-and pH were read on a millivolt meter. The three microelectrodes were introduced into the cyanobacterial pellet by three micromanipulators, and the sensing tips were placed about 200 p.m apart by using a stereoscope. All readouts of the three microelectrodes were continuously recorded on strip chart recorders.
For each cyanobacterial strain examined, oxygenic photosynthesis was measured initially by the method of Revsbech (36) in a sulfide-free medium. The experimental system was purged with N2 to remove oxygen, sulfide was then added, and the system was left in the dark for 30 min for diffusion steady state to become established. A 1-cm layer of paraffin oil was poured over the water surface to reduce atmospheric oxygen diffusion. Changes in sulfide, oxygen, and pH were recorded simultaneously after illumination. Rates of oxygenic photosynthesis were determined under rapid light-dark shifts with decreasing sulfide concentrations within the cyanobacterial pellet. Additional sulfide was then introduced by a syringe underneath the paraffin oil layer for the determination of the activities at higher sulfide concentrations. At the end of each experiment, 10 ,uM DCMU was added, and the rate of sulfide oxidation was recorded in the light after 20 min of preincubation in the dark to allow diffusion of DCMU into the cells.
At each steady-state sulfide concentration, the sulfide microelectrode was moved to the medium reservoir, and the reading was calibrated with a 1-ml sample withdrawn by a syringe and assayed for sulfide by the method of Cline (10) . sulfide, H2S. The sulfide microelectrode, on the other hand, is sensitive to S2-only. All sulfide concentrations given were calculated as concentrations of H2S using the pS2-readout of the microelectrode and the pH value at each point as measured by the pH microelectrode, and corrected for salt effect on the dissociation constant. RESULTS CO2 photoassimilation activity of cyanobacterial strains under varying sulfide concentrations. The CO2 photoassimilation activity of Anacystis nidulans ( Fig. 1 ) exhibited a sharp decline upon exposure to low H2S, concentrations. A 50% inhibition was observed at 10 ,uM H2S, and the activity was completely blocked at 60 ,uM H2S. No CO2 photoassimilation was observed in the presence of 5 ,uM DCMU under any H2S concentration examined. Similar results were obtained for Plectonema borianum (data not shown), where 50% inhibition of CO2 photoassimilation was observed at 7 ,uM H2S and complete inhibition was observed at 75 ,uM H2S.
Both strains are very sensitive to H2S toxicity, which blocked PS II at low concentrations. Subsequent removal of sulfide by centrifugation and resuspension in sulfide-free medium, together with aeration for 30 min, did not result in renewed CO2 photoassimilation. The sulfide inhibition in this case was thus irreversible. No DCMU-insensitive photoassimilation could be detected, since these organisms are also incapable of inducing anoxygenic photosynthesis.
Oscillatoria sp. from Wilbur Hot Springs, Calif. (Fig. 2) , was capable of carrying out only DCMU-sensitive CO2 photoassimilation at sulfide concentrations of up to 350 p.M. 5 ,uM DCMU completely blocked this activity, and hence, in this case, PS II was essential for photosynthesis under sulfide. Sulfide could not serve as an electron donor for anoxygenic photosynthesis, but the relative insensitivity of PS II to sulfide toxicity allowed oxygenic photosynthesis to operate efficiently at up to relatively high sulfide levels. CO2 photoassimilation sharply decreased at H2S concentrations above 350 ,uM, and no activity could be detected above 380 ,uM H2S. When this organism was incubated under H2S concentrations of up to 135 p.M and at a light intensity of 800 ,uE m-2 s-1, an increase in the CO2 photoassimilation rate of up to 120% of the sulfide-free control was observed. Sulfide was thus not only much less toxic to PS II in this organism, but it was essential for the optimal activity of oxygenic photosynthesis under high light intensities.
A Table 1 (results not shown) exhibited patterns of CO2 photoassimilation activity virtually identical to that described for the M. chthonoplastes isolate from Solar Lake (Fig. 3) .
This organism represents the most versatile mode of adaptation to sulfide among cyanobacteria, since both oxygenic and anoxygenic photosynthesis are operating in the presence of sulfide. This activity results in a CO2 photoassimilation rate of 4,500 ,umol * min-' ,ug of chlorophyll a-1 at 150 ,uM H2S, which is 55% higher than the maximal rate in the absence of H2S (Fig. 3) . This capacity is most important under exposures to fluctuations in oxygen and sulfide as described for Solar Lake Microcoleus mats (24) . This organism can thus photoassimilate efficiently under transitions from anoxic to oxic conditions in the mat, and vice versa (23) .
The fourth type of cyanobacterial adaptation to life under sulfide is presented in Fig. 4 (Fig. 4) , PS II was completely blocked only at 550 jiM H2S, and anoxygenic photosynthesis was fully induced at 1,000 ,uM. In 0.
limnetica (Fig. 5) , PS II was 50% inhibited at merely 10 jiM H2S, and total inhibition occurred at 80 jiM. Anoxygenic photosynthesis was induced and operated efficiently at high sulfide levels of few millimolar levels at neutral pH. While PS II was found to be sensitive to sulfide toxicity and was fully inhibited in the micromolar range of H2S, PS I was fully inhibited at only 1 to 2 orders higher H2S concentrations of few millimolar levels. Anoxygenic photosynthesis operated optimally in this organism at H2S concentrations between 200 and 1,000 ,uM (Fig. 5 and reference 18 ). At these H2S concentrations PS II was fully inhibited, while PS I was fully induced, allowing efficient CO2 photoassimilation rates comparable to CO2 photoassimilation rates driven by oxygenic photosynthesis in the absence of sulfide. At 1,000 ,uM H2S the rate of CO2 photoassimilation was still 55% of the sulfide-free control, and even at 2,500 ,uM the CO2 photoassimilation rate was 8% of the control. CO2 photoassimilation in these organisms was highly insensitive to sulfide toxicity resulting from the efficient operation of PS TI-independent anoxygenic photosynthesis. PS I in 0. limnetica operates even at 9,500 jiM total sulfide at pH 6.8, corresponding to 5,800 ,uM H2S (16, 18) .
CO2 photoassimilation rates in 0. limnetica measured at 3,500 p,M total sulfide and at pH values between 6.0 to 9.2 are shown in Fig. 6 . The photosynthetic activity increased exponentially with increasing pH levels, thus following the dissociation equilibrium of sulfide. While at pH 6.0 only 4% of the activity of the sulfide-free control was detected, no sulfide inhibition could be found at the same sulfide level but at pH 9.2. The undissociated form of H2S penetrates passively into the cell following diffusion laws and is therefore responsible for the sulfide toxicity of both PS I and PS II, while the ionized species of HS-and S2-require active transport to penetrate the cell, as has been indicated by Howsley and Pearson (21) . Since sulfide toxicity increases exponentially with decreasing pH, any comparison of activities of cyanobacteria under sulfide must be carried out at a given pH. Oxygenic CO2 photoassimilation measured in the absence of sulfide and DCMU was only marginally affected by decreasing pH values from 9.2 to 6.0.
PS II variable fluorescence. The variable fluorescence of PS II, as a measure of the degree of inhibition upon exposure to increasing concentrations of H2S in the various cyanobacterial strains, was examined in response to the addition of sulfide at pH 7.4 and compared to the maximal fluorescence obtained at the total inhibition of PS II under 10 puM DCMU (Fig. 7) . PS II of both Anacystis nidulans (Fig. 7a) and 0. limnetica (Fig. 7e) was most sensitive to sulfide toxicity. 50 puM H2S completely blocked PS II in these two cyanobacteria. In Oscillatoria sp. from Wilbur Hot Springs, PS II was more resistant to sulfide toxicity, and even at 500 ,uM H2S only 50% of the maximal fluorescence was induced. In M. chthonoplastes (Fig. 7c) tion could be found below a total sulfide level of 260 ,uM (80 ,uM H2S).
The effect of the initial H2S concentration on the oxygen production rates in M. chthonoplastes (Fig. 10) showed increasing inhibition with exposure to increasing sulfide concentrations. Not only did the initial 02 production rate decrease with exposure to higher sulfide levels, but a lag time gradually developed from the time when light was turned on until 02 was detected. The lag timne was a function of the initial sulfide concentration to which the organism was exposed (see Fig. 11 ). The H2S level at which oxygen was initially detected, on the other hand, was only marginally changing with increasing initial H2S concentration, as calculated in Fig. 11 from data presented in Fig. 10 . Concomitant measurements of sulfide oxidation and oxygen production in 0}. limnetica (Fig. 12) showed efficient sulfide oxidation rates at H2S concentrations as low as 100 ,uM. Lower rates of sulfide oxidation were observed below 100 ,uM H2S and as low as 25 ,uM H2S when the first 02 accumulation was detected. The addition of 10 ,uM DCMUJ did not have any affect on the sulfide oxidation rate at concentrations as low as 25 ,uM H2S. Only at these low sulfide levels was a considerable drop in sulfide oxidation observed. In this organism, sulfide oxidation is done solely by PS II-independent anoxygenic photosynthesis, which is inefficient at these low sulfide concentrations.
In 0. limnetica ( Fig. 13) , similar to M. chthonoplastes (Fig. 11) , an increasing lag time developed between turning on the light and the time of first detection of 02 as a function of the initial sulfide concentration. The rate of initial oxygen production was decreasing markedly with increasing sulfide levels, and a much lower initial H2S concentration of 100 ,uM reduced the 02 production rate from 263 ,umol min-observed in the sulfide-free control to 59 ,umol min-'. DISCUSSION Four different types of adaptations to sulfide can be defined among cyanobacteria, based on the differential toxicity to sulfide of PS II and PS I and the capacity to carry out anoxygenic photosynthesis: (i) sulfide-sensitive oxygenic photosynthesis only, (ii) sulfide-resistant oxygenic photosynthesis only, (iii) sulfide-insensitive oxygenic photosynthesis concurrent with sulfide-dependent anoxygenic photosynthesis, and (iv) sulfide-sensitive oxygenic photosynthesis replaced by sulfide-dependent anoxygenic photosynthesis. These categories represent adaptations to cope with exposures to increasing sulfide concentrations.
Most cyanobacteria are highly sensitive to sulfide, which causes an irreversible and complete inhibition of PS II. Without the capacity for oxygenic photosynthesis in these cyanobacteria, a total cessation of CO2 photoassimilation and oxygen production was observed after 30-min expostires to 10 to 50 ,M H2S at neutral pH. Even though only a limited number of cyanobacteria were examined (Anacystis nidulans, Synechococcus lividus, Synechococcus elegans, Plectonema borianum, Anabaena variabilis, Nostoc muscurum, Calotrix sp., and three planktonic Oscillatoria spp.), this group of sulfide-sensitive cyanobacteria probably includes most, if not all, of the unicellular and filamentous planktonic cyanobacteria and heterocystous strains (20, Y. Cohen, unpublished results). Even some cyanobacteria found in hot springs under vanishingly low sulfide concentrations fall into this category; Mastegocladus laminosum, a cosmopolitan cyanobacterium found in Iceland, New Zealand, and various hot springs in the western United States at up to 2 ,uM H2S, cannot cope with any higher sulfide concentrations (8, 9, 40) . Some planktonic cyanobacteria which may occur in the hypolimnion of stratified water bodies cannot carry out effective sulfide-dependent anoxygenic photosynthesis; e.g., CO2 photoassimilation in Dactylococcopsis salina from Solar Lake in the presence of sulfide was only 4% of the rate of oxygenic photosynthesisdriven activity (46) .
The majority of the cyanobacteria are obligate oxygenic phototrophs and cannot use H2S as an alternative electron donor for anoxygenic photosynthesis. Yet, Utkilen (45) has reported on the use of thiosulfate as a supplementary electron donor in Anacystis nidulans.
The resistance to sulfide toxicity of PS II in cyanobacteria of the second and third categories of adaptation to sulfide allows the operation of oxygenic photosynthesis under sulfide in these organisms. Not only is oxygenic activity not inhibited under H2S concentrations of up to 300 RxM ( Fig. 7 and 8), but sulfide is essential for the operation of oxygenic photosynthesis, which is most pronounced when the organism is exposed to high light intensities (Fig. 2) (16) , the operation of PS II in these organisms at lower H2S levels allows the observed efficient CO2 fixation. This activity is not possible in the fourth category of adaptation to sulfide, such as in 0. limnetici, where CO2 fixation is inefficient at low sulfide concentrations (Fig. 12) . The continued operation of oxygenic photosynthesis under sulfide in cyanobacteria of the second and third categories eliminates the need for an induction period required for the induction of anoxygenic photosynthesis in 0. limnetica, which may take 1.5 to 3 h, and requires the de novo synthesis of protein(s) (16, 18, 29) .
The third type of adaptation to sulfide involves increasing sensitivity of PS II to sulfide toxicity as compared with type 2, and a partial induction of anoxygenic photosynthesis at a higher sulfide concentration. An indication of this type of adaptation was first described for 0. amphigranulata from the alkaline hot springs of New Zealand by Utkilen and Castenholz (Utkilen and Castenholz, Abstr. 3rd Int. Symp. Photosynthetic Prokaryotes), where this organism occurs at under 2,200 ,uM total sulfide at pH 8.0, corresponding to 200 ixM H2S. This type of adaptation to H2S is probably widespread among cyanobacteria building mats in submerged hypersaline environments, where the source of sulfide is biogenic by sulfate-reducing bacteria. All strains of M. chthonoplastes isolated from a large variety of mats throughout the world have shown the same type of adaptation. Type 3 is by far the most versatile mode, allowing efficient transition from oxygenic to anoxygenic photosynthesis and vice versa, and it is well adapted to environments where frequent fluctuations of H2S and 02 occur. This has been shown by microelectrode studies in the Microcoleus mat of Solar Lake (24, 25, 37) and by the observation of the tight coupling of primary production and sulfate reduction in this mat (13, 22; Cohen, in preparation CO2 photoassimilation is considerably lower than those in the above-mentioned species, and they can tolerate much lower sulfide levels (20, 33) . The type 4 cyanobacteria can tolerate higher sulfide concentrations than most sulfur phototrophic bactetia (34, 35 ), yet even after prolonged growth under high sulfide levels when PS II is completely blocked, they still maintain the capacity for oxygehic photosynthesis and will switch readily to oxygenic activity upon removal of the sulfide (30, 33) .
When considering the entire spectrum of adaptations to sulfide among cyanobacteria and even though we have presented the spectrum of adaptations divided into different distinct categories, there is actually a continuity in the adaptations to increasing H2S concentration. As more information becomes available on different cyanobacterial isolates, it will presumably be more difficult to set the boundaries of the various types of adaptation. All cyanobacteria of the adaptation types 2 through 4 may represent a unique group among the cyanobacteria which sets them apart from the majority of the cyanobacteria that are sulfide sensitive and belong to the first type. While the capacity for anoxygenic photosynthesis may serve as a good taxonomical parameter (41) , not enough information is presently available for the consideration of types 2 through 4 as a different taxonomical group ambng the cyanobacteria.
